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Abstract

Single crystals of the ABO; phases CaTiOj3, SrTiO;, BaTiO3, LiNbO;, KNbO3, LiTaOs, and KTaO; were irradiated
by 800 keV Kr*, Xe", or Ne" ions over the temperature range from 20 to 1100 K. The critical amorphization tem-
perature, T;, above which radiation-induced amorphization does not occur varied from approximately ~450 K for the
titanate compositions to more than 850 K for the tantalates. While the absolute ranking of increasing critical amor-
phization temperatures could not be explained by any simple physical parameter associated with the ABOj; oxides,
within each chemical group defined by the B-site cation (i.e., within the titanates, niobates, and tantalates), 7. tends to
increase with increasing mass of the A-site cation. T, was lower for the Ne™ irradiations as compared to Kr*, but it was
approximately the same for the irradiations with Kr™ or Xe*. Thermal recrystallization experiments were performed on
the ion-beam-amorphized thin sections in situ in the transmission electron microscope (TEM). In the high vacuum
environment of the microscope, the titanates recrystallized epitaxially from the thick areas of the TEM specimens at
temperatures of 800-850 K. The niobates and tantalates did not recrystallize epitaxially, but instead, new crystals
nucleated and grew in the amorphous region in the temperature range 825-925 K. These new crystallites apparently
retain some ‘memory’ of the original crystal orientation prior to ion-beam amorphization. © 2002 Elsevier Science

B.V. All rights reserved.

1. Introduction

The ABO; perovskite-type oxides form a large class
of compounds with diverse physical and electronic
properties and a variety of crystal structures—the latter
often occurring within a given compound at various
temperatures as a result of structural phase transitions.
The main crystal-chemical requirements for the ideal
perovskite structure are that the valence of the A- and B-
site cations totals 6+ and that the tolerance factor, ¢, is
between 0.8 and 1.0. Here, ¢ = (ra +r0)/[1.4(rs + ro0)]
where ra, 7, and ro are the ionic radii of the A-site
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cation, the B-site cation, and oxygen, respectively [1].
More than 35 known compounds satisfy these require-
ments; hence, the perovskite-structure oxides represent a
large and important class of phases whose diverse
properties provide a unique opportunity for systemati-
cally investigating the chemical and structural aspects of
radiation-damage and annealing kinetics.

The ideal perovskite structure is cubic Fm3m (Fig. 1),
but for tolerance factors lower than 0.9, deformed
perovskite structures are favored [2]. In many com-
pounds of this type, a series of displacive phase transi-
tions (rhombohedral — orthorhombic — tetragonal —
cubic) occurs sequentially with increasing temperature
(see Table 1). The cubic-to-tetragonal transition that
takes place on cooling from elevated temperatures
may be associated with the formation of a ferroelectric
phase and a polarized domain structure. These domain
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Fig. 1. Ideal cubic perovskite structure, modified from Ref. [1].

structures were investigated in detail using transmission
electron microscope (TEM) techniques in a classic early
investigation [3] and in subsequent studies (e.g., see Refs.
[4-8]).

In addition to their fundamental significance, titan-
ate-based perovskites are also proposed as possible ce-
ramic hosts for the disposal of actinide wastes. CaTiO3
is one of the three main component phases of SYNROC,
in which it hosts radioactive Sr, trivalent actinides, and
rare-earth elements. In this application, a-decay events
will produce damage that accumulates in the perovskite
titanate host [9,10] and ultimately compromises its
chemical durability. In addition, studies of radiation
effects in the ABO; oxides are also pertinent to the ap-
plied area of the formation of optical waveguides by ion-
implantation-induced amorphization (e.g., in the case of
KNbO; and KTaO; [11-13)).

The present work addresses three primary goals:

1. Determining the chemical/structural parameters and
mechanisms that control the kinetics of radiation-
induced amorphization and thermal recrystallization
in ABO; compounds.

2. Determining the effects due to the displacive-radia-

tion spectrum (e.g., incident ion mass and energy)
on the competition between the amorphization pro-
cess and both irradiation-enhanced and thermally in-
duced recrystallization/recovery.

3. Investigating any systematic differences between ti-

tanate perovskites with +2, +4 (A,B) cation valencies
and the +1, +5 tantalate and niobate compounds.

The effects of ion irradiation were investigated for
seven ABO; compounds—including three titanates
(CaTiO;, SrTiOs, and BaTiO;), two niobates (LiNbO;
and KNbOs) and two tantalates (LiTaO; and KTaOs).
These compounds span a wide range of tolerance factors
(0.74-0.94) and crystal structures at room temperature
(i.e., rhombohedral to cubic: Table 1).

2. Background

Several previous investigations have focused on the
effects of various types of irradiation on oxides with the
perovskite structure. CaTiO; has been widely investi-
gated [14-18] due, in part, to its occurrence in SYN-
ROC. Radiation effects have been studied in CaTiO;
irradiated with 3 MeV Ar" ions [19], fast neutrons
[20,21], and 1500 keV Kr* ions [22-24]. Amorphization
of actinide-doped single crystals [25] and of high-purity
ion-irradiated crystals [22] occurs at a roughly similar
atomic displacement dose (slightly above one displace-
ment per atom [dpa]). In general, CaTiO; appears to be
fairly resistant to the effects of heavy-ion irradiation as
compared with other actinide-bearing SYNROC phases

Table 1
Phase transition temperatures, tolerance factors, densities, and melting temperatures for the ABO; compounds
Phase Space group Transition t p (glem?) T (K)
Low T High 7 temperature (K)
CaTiO; Pcmn Pm3m 1533 0.81 4.05 2250
SrTiO; 14/mcm Pm3m 108 0.86 S.11 2350
BaTiO; Amm?2 P4mm 273 0.93 6.01 1890
P4mm Pm3m 393
LiNbO; R3c - 0.74 4.3 1530
LiTaO; R3c - 0.77 7.43 1920
KNbO; R3m Bmm2 230 0.92 4.61 1350
Bmm?2 P4mm 490
P4mm Pm3m 690
KTaOs Pm3m - 0.94 7.01 1630
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such as pyrochlore and zirconolite, and it only becomes
amorphous at doses greater than 1 dpa at room tem-
perature [22]. CaTiO; and BaTiO; cannot be amor-
phized by fast neutrons [20] or 4 MeV protons [26],
respectively, although displacement damage does occur
—mostly due to the formation of oxygen interstitials [26].
The role of the displacive phase transitions in radiation-
damage effects in the titanate perovskites may be im-
portant, and the polarized ferroelectric phase of BaTiO;
was found to be more susceptible to radiation damage
than the non-polarized cubic phase [26]. Interstitial-type
dislocation loops tend to preferentially form at the fer-
roelectric domain walls during electron irradiation in the
TEM [27]. Studies of radiation damage in natural per-
ovskite are, however, relatively few [28]. Existing studies
suggest that natural uranium- and thorium-bearing
CaTiO; is more resistant to o-decay-induced amorph-
ization than natural pyrochlore or zirconolite, the other
principle phases occurring in SYNROC [29-31].

Recrystallization studies have also been carried out
on ion-irradiated ABO; compounds, and the epitaxial
recrystallization rates for ion-beam-amorphized surface
layers annealed under similar ambient conditions were
determined to decrease generally in the order of: CaTiO;
[32-34], SrTiO; [35-39], LiNbO; [35], and KTaOs; [35].
CaTiO; and SrTiO; recrystallize epitaxially, but KTaOj;
only partially recrystallizes before spontaneous nucle-
ation and growth occur throughout the remaining
amorphous layer [35]. The nature of these distinct dif-
ferences is not well understood and represents a further
subject of the present investigation.

3. Experimental procedures

Single crystals of CaTiOs, BaTiO;, and KNbO; were
grown by a flux-based technique, while SrTiO; was
grown by the flame fusion method. The KTaO; single
crystals were grown by solidification from a non-stoi-
chiometric melt, and high-purity single crystals of lith-
ium tantalate and lithium niobate were obtained
commercially. The specimens were prepared for in situ

ion irradiation in the TEM by gluing 3 mm sections to a
slotted nickel TEM grid and then hand polishing to a
thickness of ~10 pm. The specimens were subsequently
ion milled to perforation at room temperature using
4 keV Ar? ions at an incident angle of 20°. Previous
experiments have demonstrated that the thin (~2 nm)
amorphous surface layer resulting from ion milling has
no measurable effect on the amorphization dose
[23,40,41], so the specimens were not annealed after ion
milling.

The specimens were irradiated at the High-Voltage
Electron Microscope (HVEM)-Tandem Facility at Ar-
gonne National Laboratory. This facility consisted of a
tandem ion accelerator interfaced to a high-voltage
electron microscope [42] allowing irradiations to be
carried out in situ in the microscope during TEM ob-
servation. The samples were irradiated using 800 keV
Kr" ions at a flux of 1.7 x 10'® ions per m?/s over a
temperature range of 20-1100 K. Irradiations were also
carried out using 800 keV Ne™ and Xe* ions. The elec-
tron beam was positioned off the sample during most of
the irradiation time in order to avoid the potential effects
of combined ion and electron irradiations. The amor-
phization fluence (defined here as the minimum fluence
at which the electron-diffraction pattern consists only of
diffuse diffraction rings) was monitored by selected-area
electron diffraction (see Fig. 2). Diffraction measure-
ments were carried out on regions that were between 80
and 120 nm thick, as estimated by thickness-fringe and
convergent-beam measurements. The diffraction mea-
surements were carried out in situ by visual examination
of the phosphor screen. The thermocouple that mea-
sured the specimen temperature was calibrated by
monitoring the disappearance of ferroelectric domain
boundaries at 390 and 690 K in unirradiated specimens
of BaTiO; and KNbO;.

The measured amorphization fluence was converted
to an equivalent displacement dose measured in dpa
using the SRIM Monte Carlo computer code [43] to
calculate the average number of displacements per nm
per ion from the surface to a depth of 100 nm (the es-
timated average thickness of the specimens). To obtain a

KTaO,

Fig. 2. Sequences of electron-diffraction patterns for KTaO; irradiated with 800 keV Kr* at room temperature. With increasing dose,
the electron-diffraction maxima decrease in intensity until, at the amorphization dose (D.), the diffraction pattern consists only of

circular halo characteristic of amorphous material.
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relatively accurate conversion factor, a Gaussian distri-
bution function was fit to the SRIM data, and the result
was integrated over the 100 nm thickness of the sample
[44]. The displacement energies for the perovskites are
unknown, and a single representative value of 25 eV was
used for all seven phases. The room-temperature ex-
periments were repeated in triplicate, and the variation
in the measured amorphization dose was found to be as
large as +12%. In previous experiments [41], the exper-
imental error was found to be as large as +20%, there-
fore this value is used in comparing the results for the
different phases. The error in the temperature readings
was less than +10°.

Thermal recrystallization experiments were also per-
formed in situ in the high-vacuum environment of the
HVEM. The specimens were first irradiated to a fluence
twice that required for amorphization. The samples were
then heated in 25° intervals and held for 1 min at each
temperature. For the purpose of the present experi-
ments, the recrystallization temperature is defined as
the temperature at which observable recrystallization
occurred within the 1-min time interval. Reproducibil-
ity was confirmed by repeating the measurements for
BaTiOs;, LiTaOs, and KNbOs.

4. Results
4.1. 800 keV Kr* irradiation

When irradiated with 800 keV Kr* at 20 K, all seven
perovskite-type oxides become amorphous between 0.32

dpa (KNbO3) and 0.93 dpa (SrTiO;) (see Fig. 3 and
Table 2). These variations are relatively large and are

SrTiO;

clearly outside the experimental error. The amorphiza-
tion dose at 20 K is two to three times higher for SrTiOs
and CaTiOs; than for the other five compounds. For the
tantalate and niobate compositions, the phases with
lithium in the A-site require a slightly higher dose for
amorphization than the phases containing potassium.

At higher temperatures, the amorphization dose in-
creased exponentially (Fig. 3). For each compound, a
critical temperature, T, was defined at which the mate-
rial cannot be amorphized (i.e., the temperature at which
the recovery/recrystallization rate is greater than the rate
of radiation-induced damage accumulation, and the
amorphization dose increases to infinity). The critical
temperature can be estimated from Fig. 3 to increase in
the order: SrTiO;, CaTiOs;, BaTiOs;, LiNbO;, LiTaOs,
KNbO;, KTaOj;. Several general trends are observed:
(a) the critical temperatures are lowest for the titanates,
(b) T; is higher for the potassium-bearing compounds
than for those containing lithium, and (c) T; is higher for
the tantalates than for the niobates with the same A-site
cation.

The ferroelectric domain structures were straight-
forward to monitor in the TEM [45]. The presence of
these structures had little effect on the measured amor-
phization dose. Possible effects of the cubic-to-tetrago-
nal phase transition on the amorphization dose were
investigated for SrTiO; and BaTiO; by performing ir-
radiations at temperatures 20 degrees above and below
the transition temperature. In the case of BaTiO;, a
slight decrease in amorphization dose was observed at
~380 K, but for SrTiO; a decrease was not observed.
Thus, in contrast to the results for proton irradiation
[26], the differences in structure apparently have little
effect on the amorphization dose for heavy ions.

LiNbO; (LiTaO;

KNbO,

KTa0;

9 -
A CaTiO,
A SrTiOs
B BaTiO;
& KNbOs
6 1 & KTaos
—
g ® LiTaO,
T O LiNbO;
—
O
Q
3 -
0 T
0 200

400 600 800

Temperature (K)

Fig. 3. Temperature dependence of the amorphization dose for irradiation with 800 keV Kr™ ions. The lines in this and subsequent

figures are drawn by a least squares fit to Eq. (1) (see text).
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Table 2

Amorphization and annealing data, including electronic and nuclear stopping powers for the various irradiations, D, values, critical

temperature (7;), and recrystallization temperature (7;)

Ton Compound dE/dx, dE/dx. Dy (x10'8 Dy (dpa) T. (K) T (K)
(keV/um) (keV/um) ions/m?)

800 keV Kr CaTiOs 1375 1270 3.67 0.75 440 850
SrTiO; 1439 1378 3.91 0.93 425 800
BaTiO, 1421 1466 1.46 0.37 550 850
BaTiO;:Nd 1421 1466 1.53 0.38 590 850
LiNbO, 1207 1151 1.07 0.32 600 825
LiTaO; 1464 1063 1.36 0.42 650 925
KNbO; 1327 1317 1.19 0.35 770 900
KTaO; 1486 1193 1.53 0.44 880 n.a.

800 keV Xe CaTiOs 2889 1161 3.40 1.21 440 850
SrTiO; 3050 1259 2.72 0.97 420 800

800 keV Ne CaTiO; 64 1282 Not amorphized
SrTiO; 66 1367 Not amorphized

280 keV Ne KTaO; 70 1200 12.92 0.41 640 n.a.

In the present experiments, insulating specimens are
irradiated to relatively high fluences with charged ions.
The effects of charge buildup and dissipation may,
therefore, affect the measured amorphization dose. Ac-
cordingly, a specimen of conducting BaTiO; was pre-
pared by Nd doping. The resistivity of semiconducting
BaTiOs3:Nd is nominally 12 orders of magnitude smaller
than that of pure undoped BaTiO;. The conducting, Nd-
doped specimen was irradiated by 800 keV Kr* ions
under conditions identical to those used for the pure,
insulating BaTiO;, and the amorphization dose was
obtained as a function of temperature (Fig. 4). The re-
sults are the same within the experimental error, so
electrical conductivity and charge dissipation did not
have an observable effect on the kinetics of amorphiza-
tion in the case of BaTiO;.

4.2. Ne™ and Xe* irradiations

The effect of the incident ion mass on the amorph-
ization process was investigated by irradiating specimens

12 A

9 - u BaTIO;;

= O BaTiOs:Nd
Q.
T 6 A
Q
3 -

0 200 400 600 800

Temperature (K)

Fig. 4. Temperature dependence of the amorphization dose for
insulating and conducting BaTiO;.

of CaTiO; and SrTiO; with 800 keV Net or Xe™ ions.
Neither of these materials amorphized as a result of 800
keV Ne™ irradiation. In fact, the specimens remained
fully crystalline even after receiving a dose of 2 dpa at 20
K. In contrast, both crystals were readily amorphized by
800 keV Xe'-ion irradiation. The results for the Xe™
irradiations are shown in Fig. 5 and are compared to the
Kr* results. The temperature-dose curves are similar
over the full range of temperatures. The values of T, for
both phases, estimated from Fig. 5, are approximately
20 degrees higher for the irradiation with Xe*t than with
Krt—although this difference is close to the experi-
mental error for this temperature. At low temperatures,
the amorphization dose for the Xe™ and Kr* irradia-
tions is nearly identical (see Fig. 5 and Table 2).

In contrast to the cases of SrTiO; and CaTiOs,
KTaO; is readily amorphized during irradiation with
Ne™ ions. Due to a temporary problem with the accel-
erator, an incident ion energy of 280 keV was used for
KTaO;. The difference in the amount of ballistic energy

g -
A CaTiO; (800 keV Kr)
A SFTiO; (800 keV Kr)
T 6 7 m CaTiO; (800 keV Xe)
- O SrTiO; (800 keV Xe)
Q 3
0 T T T 1

0 100 200 300 400 500

Temperature (K)

Fig. 5. Temperature dependence of the amorphization dose for
CaTiO; and SrTiO; irradiated with 800 keV Kr* or 800 keV
Xe™ ions.
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Fig. 6. Temperature dependence of the amorphization dose for
KTaO; irradiated with 800 keV Kr* or 280 keV Ne™ ions.

deposition and concentration of implanted ions is min-
imal (less than 1% according to SRIM calculations), and
in any case, the amorphization dose was normalized in
units of dpa. At temperatures below 400 K, the amor-
phization dose for KTaOs; irradiated with 280 keV Ne*
or 800 keV Kr* ion irradiation was exactly the same,
within error (Fig. 6). For the Ne% irradiation, T is,
however, approximately 200 K lower. This significant
decrease in the critical temperature with decreasing ion
mass was previously observed in Ca,Lag(Si04)s0, [46],
SiC [47], and in intermetallic alloys [48].

4.3. Thermal recrystallization

One TEM specimen of each compound was irradi-
ated with 800 keV Kr™ ions at room temperature to a
fluence of 2 x D, and was subsequently heated isochro-
nally in the high-vacuum environment of the TEM in
25 K intervals. The specimen was held at each temper-
ature for 1 min. Here, the temperature for recrystalli-
zation was defined to be the temperature at which
observable recrystallization occurred within the 1-min
time interval. These experiments provide a ranking of
the onset of epitaxial recrystallization in a high-vacuum
environment for these phases. Several experimental vari-
ables could affect the results, including the geometry of
the specimen in the electron-transparent regions and
specimen thickness variations. Nevertheless, the experi-
ments were repeatable within +30 K.

In the TEM vacuum environment, the titanates Ca-
TiO;, SrTiO;, and BaTiO; recrystallized epitaxially
from the thick, still-crystalline portions of the TEM
specimen that had not been fully penetrated by the ion
beam. In all three cases, an amorphous—crystalline
boundary progressed toward the thin edges of the
specimen, as observed in a previous investigation of the
mineral monazite (CePO,) [49], and the resulting mi-
crostructure was that of a single crystal. All three ti-
tanates recrystallized at similar temperatures, ranging

from 800 K for SrTiO; to 850 K for both CaTiO; and
BaTiO3.

The nature of the thermal recrystallization process in
the TEM for the tantalates and niobates was signifi-
cantly different from that characteristic of the titanates.
These differences, as discussed below, are generally
consistent with the unusual behavior documented pre-
viously for the recrystallization of bulk LiNbO; and
KTaO; [35].

In the case of LiNbOs, at 825 K in the vacuum en-
vironment of the TEM, the amorphous phase recrys-
tallized epitaxially from the thick portions of the TEM
foil, but at the same temperature, new crystallites
simultaneously nucleated in the thin regions of the
specimen. The resulting microstructure consisted of
epitaxially recrystallized LiNbO; bordered by relatively
large (200 nm diameter) randomly nucleated crystallites
(Fig. 7). Single-crystal electron-diffraction patterns were
obtained from the epitaxially recrystallized portion of
the specimen (Fig. 7). The distances in reciprocal space
correspond to d-spacings for monoclinic LiNb;Og, al-
though zone-axis diffraction simulations produced an-
gles that did not match the experimental patterns by up
to several degrees. The recrystallized material could be
distorted LiNb;Og or, potentially, a new phase. The
patterns did not match any low-index zone axis of
LiNbO;. The beam spot and selected-area aperture in
the HVEM were larger than the precipitates, so single-
crystal zone axes from individual particles were not
obtained.

For the case of KNbO;, the nucleation and growth
of new precipitates occurred at 900 K, resulting in the
formation of two separate, microstructurally distinct
phases (Fig. 8). Phase I was fine grained (average grain
size =10 nm) and randomly oriented. Phase II occurred
as coarse grained (0.3-2 pm) ‘microcrystals’. A poly-
crystalline ring pattern was obtained from Phase I, and
single-crystal electron-diffraction patterns were obtained
from Phase II. The d-spacings obtained by electron
diffraction from these two phases are given in Table 3.
These phases did not match any phases containing a
combination of K, Nb, or O listed in the JCPDS dif-
fraction data file. The ratios of d-spacings in Table 3
suggest that the unknown phases do not have cubic
symmetry.

The results for LiTaO; were also unusual in that re-
crystallization occurred at 925 K—by a random nucle-
ation and growth process (i.e., epitaxial recrystallization
did not occur). The resulting ‘nanocrystals’ were approx-
imately 200 nm in diameter, and surprisingly, they
were faceted, aligned, and crystallographically oriented
(Fig. 9). This is apparently an initial observation of an
oriented phase nucleating from an electron-diffraction-
amorphous matrix. The selected-area electron-diffrac-
tion pattern from a group of 20 of the crystallites was
indistinguishable from that of a single crystal (Fig. 9)
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Fig. 7. Thermal recrystallization of ion-beam-amorphized
LiNbOs;. The specimen recrystallized epitaxially in the bottom
right part of the image; however, in the thinnest parts of the
specimen, nucleation and growth occurred (upper portion of
the image). The selected-area electron-diffraction patterns cor-
respond to the epitaxially recrystallized region. The distances to
diffraction maxima are given in real-space units.

and was unambiguously indexable to the [1 10] zone axis
of ‘lithiowodginite’ (LiTa;Og). The original zone-axis
orientation of the LiTaO; was [012]; however, the
equivalence of these two crystal directions should not be
assumed because of specimen bending during ion irra-
diation. The amorphous material remaining between the
precipitates contained a high density of ~2-nm-diameter
voids or bubbles (Fig. 9). Because of the unusual nature
of this microstructure, the experiments were repeated
several times with specimens irradiated to a dose of
twice D.. In each case, the results were the same.

The unusual microstructure obtained upon recrys-
tallization of ion-beam-amorphized LiTaO; warranted
further investigation. Accordingly, a bulk sample was
prepared by implanting a polished single crystal of

Fig. 8. Thermal recrystallization of ion-beam-amorphized
KNbO;. Two microstructurally distinct phases formed, in-
cluding a fine-grained ‘Phase I’ and a coarse-grained ‘Phase II".
Corresponding d-spacings are given in Table 3.

LaTiO; (identical to the material from which the ion-
irradiated TEM specimens were prepared) with 320 keV
Xe?* ions at 77 K to a fluence of 5 x 10" ions/m”. RBS-
channeling results indicated the presence of a layer ex-
tending from the surface of the sample to a depth of 150
nm whose backscattered yield matched the random
spectrum. A cross-sectional TEM sample was then pre-
pared from the irradiated bulk crystal, and the micro-
graph in Fig. 10 clearly shows that the sample is
amorphous from the surface to a depth of 150 nm. The
TEM specimen was then inserted into a double-tilt
heating stage, rapidly heated to 800 K, and then heated
in 25-degree intervals. Heating continued to 1100 K, and

Table 3
d-spacings (nm) obtained from the electron-diffraction patterns
in Fig. 9

Phase I Phase 11
0.64 0.73
0.33 0.39
0.31 0.36
0.27 0.34
0.23 0.27
0.21 :

0.19
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&
500 nm {4

e

Fig. 9. Thermal recrystallization of ion-beam-amorphized Li-
TaOj;. The resulting crystallites of LiTa;Og are faceted and
crystallographically aligned, as indicated by the selected-area
electron-diffraction pattern obtained from approximately 20 of
the particles in the center of the image. Arrows point to higher-
order spots for clarity.

the specimen was held at this temperature for 20 min. In
contrast to the results for the ion-irradiated TEM
specimens described above, no observable crystallization
occurred in the high-vacuum environment of the mi-
croscope. Higher temperatures were not attempted in
the heating stage. The remainder of the bulk implanted
specimen was then annealed in an air ambient atmo-
sphere (i.e. in an atmosphere containing water vapor
whose concentration was determined by the relative
humidity at the time of annealing) at 1400 K for 1 h.
A second cross-sectional TEM specimen was then pre-
pared and examined in the TEM. The implanted LiTaO;
was found to have recrystallized epitaxially to the sur-
face of the specimen (Fig. 10). There were few residual
defects, and the previous amorphous—crystalline bound-
ary was weakly visible in some areas due to strain con-

after annealing

Fig. 10. Cross-sectional image showing epitaxial thermal re-
crystallization of ion-beam-amorphized LiTaO;: (a) as im-
planted at 77 K with 320 keV Xe>* ions and (b) the specimen
completely recrystallized after annealing in air for 1 h at 1400
K. The regions of dark contrast near the surface in (b) are
aggregates of dislocation loops and bubble-like structures.

trast or the presence of isolated dislocation loops. In
other areas, regions of high contrast resembling aggre-
gates of dislocations and ‘bubble-like’ structures were
visible closer to the surface (Fig. 10). Thus, the ther-
mal recrystallization of bulk LaTiO; annealed in an
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air/water vapor environment is both qualitatively and
quantitatively different than that of thin TEM foils that
are both irradiated and annealed in a high-vacuum en-
vironment.

In contrast to the titanate compositions, ion-beam-
amorphized KTaO; did not recrystallize at the highest
obtainable temperature in the vacuum environment of
the electron microscope (1100 K). In fact, no recrystal-
lization was observed after 15 min of continuous ob-
servation at this temperature.

5. Discussion
5.1. Amorphization

The amorphization curves shown in Fig. 3 are a re-
sult of the competing effects of radiation damage and
annealing processes that occur during ion irradiation
(e.g., see Ref. [50]). The temperature dependence of the
amorphization dose can be obtained using one of several
available models [41,50-54]. Since an evaluation of the
various models is not an objective here, the curves in
Figs. 3-6 were plotted using one of the simplest models
[51] that provides a good fit to the data:

In(1 — Dy/Ds) = In(1/dot) — Eo/kT (1)

Here, E, is an activation energy for irradiation-enhanced
recrystallization, D, is the critical amorphization dose at
0 K (extrapolated), ¢ is the ion flux, ¢ is the amorph-
ization or damage cross-section, 7 is a time constant, and
k is Boltzmann’s constant. The parameters E, and
In(1/¢at) are fit to the experimental data using a stan-
dard least-squares technique.

The limitations of this model have recently been
discussed in detail, and the activation energies obtained
from Eq. (1) are a subject of considerable debate [41,50].
Application of other models, as in the case for the
SrTiO; data [55], yields different activation energies.
However, all models yield similar 7; values because a
similar general expression is derived for 7. from all
models [41,51], which in the case of Eq. (1) is obtained
by setting D, equal to infinity (ie., 7. = E,/k[In(1/
¢at)]). Thus, 7. can be readily determined with confi-
dence from the model fit parameters and verified ex-
perimentally.

Calculation of the critical temperature (Table 2)
provides a rank order in terms of increasing 7, for 800
keV Kr™ irradiation: SrTiO; (425 K), CaTiO; (440 K),
BaTiO; (550 K), LiNbO; (600 K), LiTaO; (650 K),
KNbO; (770 K), and KTaO; (880 K). No single pa-
rameter (including melting temperature, ionicity, toler-
ance factor, or ratio of electronic-to-nuclear stopping
powers) correlates with the critical temperatures of the
ABO; phases; however, empirical trends can be defined.
The critical temperatures increase in the order: titanates,

niobates, tantalates, and within each class, there is some
tendency for increasing 7, with increasing mass of the A-
site cation. A similar ion-mass effect was observed for
the ABO, orthophosphates [56] and ABO, orthosilicates
[41,57], olivine [58], spinel [59], and illmenite-type phases
[60]; in general, this effect is often observed within
groups of isostructural phases.

The amorphization dose can be compared to previ-
ous heavy-ion irradiation experiments. Smith et al. [23]
found that CaTiO; could be amorphized by 1500 keV
Kr* ions at room temperature at a dose of approxi-
mately 2.2 dpa — compared to a slightly lower value of
1.8 dpa for 800 keV Kr* ions reported here. White et al.
[61] reported an amorphization dose of 1.4 dpa at 20 K.
This value is almost double the dose obtained at 20 K in
the present experiments. The specimen studied by White
et al. contained 20% Gd in the Ca site; however, this
seems unlikely to cause the factor of two higher dose
measured by them. This discrepancy could be attributed
to the specimen morphology (White et al.’s perovskite
occurred as isolated inclusions embedded in zirconolite);
however in the case of zirconolite, Smith et al. also
found that the results of White et al. were too high by a
factor of two.

Other experimental studies of the amorphization by
implantation of bulk single crystals have been reported.
For example, Li et al. [62] found that Sr'TiO; could not
be amorphized by oxygen-ion irradiation at 500 K
(above the estimated T, reported here), but amorphiza-
tion was readily achieved at room temperature. Weber
et al. [55] reported an amorphization dose of 1.0 dpa for
SrTiO; irradiated with 1.0 MeV gold ions at 200
K-—identical to the value we obtained for in situ irra-
diation with 800 keV Kr* ions and 800 keV Xe™ ions at
the same temperature. These previous room-tempera-
ture heavy-ion-irradiation experiments are generally in
good agreement with the room-temperature results of
this study.

The effects of irradiation spectrum are demonstrated
in Fig. 5 for CaTiO; and SrTiO;. The amorphization
dose curves for 800 keV Kr*- and Xe*-ion irradiations
are nearly identical, suggesting that the kinetics and
mechanisms of amorphization are independent of inci-
dent ion mass, at least for heavy ions. Previous work on
an intermetallic compound CuTi showed an increase in
T. as one shifts from irradiation with electrons to Ne*
and from Ne™ to Kr [48]; however as reported here, the
critical temperature was nearly the same for irradiation
with Kr* and Xe". For Krt and Xe" irradiation of
perovskite, the damage should occur both as widely
spaced isolated defects and as high-defect-density re-
gions (or even amorphous zones) within discrete colli-
sion cascades and sub-cascades. The equivalence of D, at
low temperature and the slight increase in 7. for irra-
diation with Xe" ions, as compared with Kr", implies
that the total induced damage is roughly the same for
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both ions, but that the damage is more easily recovered
at higher temperatures for the Krt-ion irradiations. The
observed differences are, therefore, attributable to defect
geometries and interactions and not to different amounts
of damage induced by Xe™ vs. Kr* irradiation.

The titanates did not show any sign of amorphization
even after irradiation to 2 dpa at 20 K with 800 keV
Ne*. Clearly, the damage distribution for Ne™ irradia-
tion will be considerably different than that of the more
massive ions. Based on TRIM simulations, most of the
irradiation damage is in the form of isolated defects. At
temperatures as low as 20 K, defects in CaTiO; should
not be thermally mobile. Any defects produced by the
Ne™ ion irradiation may be activated and driven to re-
combine through the effects of continuing irradiation,
suggesting rapid irradiation-enhanced defect diffusion in
the titanates. Electronic energy-loss processes may also
assist defect recovery at low temperatures for the Ne*t
irradiation; however, the amount of electronic energy
loss is relatively insensitive to ion mass for the ion en-
ergies used here (Table 2).

In contrast, KTaO; was amorphized by 280 keV
Ne™, even at temperatures as high as 570 K. The de-
crease in ion energy from 800 to 280 keV is not sufficient
to account for the large differences between the titanates
and KTaOj; (i.e., see Table 2 for a comparison of elec-
tronic and nuclear stopping powers for these different
ion energies). The relative ease of amorphization with
Ne™ ions implies that isolated defects in KTaO; do not
recombine during irradiation at low temperatures.

In summary: (i) the titanates have lower critical
temperatures than their tantalate and niobate analogues,
(i1) the displacive phase transitions have little or no effect
on the amorphization dose, (iii) within the niobate and
tantalate groups, the potassium-bearing composition
can be amorphized at higher temperatures than the
lithium-bearing ones, (iv) charge dissipation in the sub-
strate does not affect the amorphization dose in BaTiOs,
(v) at present, there is no single factor that can be used
to predict the relative ranking of the all the perovskite
compositions in order of increasing Ti, (vi) 7. depends
on the mass of the incident ion, especially for light ions,
and (vii) there is a fundamental difference between
KTaO; and the titanates CaTiO; and SrTiOjs in terms of
defect behavior and mobility at low temperature.

5.2. Thermal recrystallization

Previous investigations of the thermal-recrystalliza-
tion characteristics of ion-beam-amorphized SrTiO; and
CaTiO; [14,18,32,39] have shed considerable light on the
epitaxial-regrowth behavior of these particular com-
pounds. Specifically, this prior work has shown that: (a)
For annealing in a water-vapor-containing environment,
the epitaxial-regrowth process occurs in two stages (an
initial ‘induction’ stage of relatively slow growth fol-

lowed by a second ‘fast-growth’ period) so that the re-
growth rate effectively increases with increasing time.
For annealing in a dry environment or vacuum, how-
ever, the regrowth rate remains constant throughout the
entire crystallization process and no second (‘fast-
regrowth’) stage is observed. (b) The overall epitaxial
regrowth rate for both ion-beam-amorphized CaTiO;
and SrTiO; is strongly dependent on the amount of
water vapor present in the annealing atmosphere. In fact,
water vapor can increase the epitaxial regrowth rate by
more than an order of magnitude relative to the rate
observed in a dry or vacuum environment. (c) Hydrogen
that results from the dissociation of H,O at the surface
of the material is the responsible species leading to the
increase in the growth rate. Hydrogen penetrates the
amorphous layer to the amorphous/crystalline (a/c) in-
terface and effectively catalyzes the crystallization pro-
cess by reducing the activation energy — e.g., from a
value of 2.14 eV characteristic of the regrowth of SrTiOs
in a high-vacuum environment to a value of 1.02 eV in a
water-vapor-containing ambient. Additionally, the ab-
sence of oxygen does not affect the regrowth rate. (d) In
the case of ion-beam-amorphized CaTiO;, an ortho-
rhombic material, the intrinsic regrowth kinetics (i.e.,
for anneals in a high-vacuum environment) depend on
the crystallographic regrowth direction. (e) In the stud-
ies of CaTiOs, it was shown that no thin-section or
electron-beam effects occurred in the TEM studies of
ion-beam-amorphized single crystals so that the same re-
sponse was found for amorphous layers on bulk crystals
and in TEM thin sections.

In the present work, the ion-beam-amorphized TEM
specimens of CaTiO; and SrTiO; recrystallized epitax-
ially from the thick portions of the TEM specimen at
850 and 800 K, respectively, in the high-vacuum envi-
ronment of the microscope. The 100-degree-higher
temperature required for CaTiO; as compared with
previous cross-sectional TEM work [34] may be a
function of the recrystallization rate (i.e., observable
crystallization in the 1-min time frame requires a crys-
tallization rate greater than ~10 nm/s) and the different
geometry of the samples (i.e. in the present case, the
amorphous edge of the specimen can be quite far from
the thicker, still-crystalline areas). Overall, for SrTiOs
and CaTiO;, the results do agree fairly well with the
previous epitaxial recrystallization experiments.

All four niobate and tantalate compositions behave
quite differently during recrystallization than do the ti-
tanates. In the case of LiTaO;, ion-beam-amorphized
TEM specimens recrystallized at 925 K to form discrete,
faceted, and coherently aligned particles of LiTa;Os.
This implies the presence of a ‘memory’ effect in this
amorphous material. Two explanations seem plausible:
First, the amorphous material may still have a structure
that retains a memory of the original crystal structure.
An example of this type was documented in the case of
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lead pyrophosphate, whose amorphous structure de-
pends on the structure of the original starting material
[63]. Second, the electron-diffraction-amorphous phase
may not actually be completely ‘amorphous’. The elec-
tron-diffraction technique is not sensitive to low con-
centrations of residual crystalline material [64] and, at a
dose of 2 x D, there may be sufficient crystalline nuclei
to act as seeds for the recrystallizing phase.

The indexed electron-diffraction patterns of the re-
crystallized phase were of ‘lithiowodginite’ (LiTa;Og).
This phase is Li- and O-deficient relative to the original
LiTaO;. The lithium that remained unaccounted for
must be either in the amorphous matrix around the
edges of the particles (Fig. 9) or, owing to its low mass, it
may have been ejected from the specimen as a result of
the ion irradiation. The ‘missing’ oxygen may partially
account for bubble-like structures observed in the re-
maining amorphous regions. In direct contrast, the bulk
implanted sample showed no evidence of recrystalliza-
tion in the electron microscope. At least two possible
explanations could account for the apparent discrep-
ancy. First, the implanted ion fluence was ~2.5 x higher
in the bulk case, so that any residual ‘memory’ effect in
electron-diffraction-amorphous LiTaO; may have been
reduced or eliminated. Second, bulk implantation in-
troduces impurities that concentrate in the amorphized
layer, which may also inhibit recrystallization. An effect
of this type was documented for natural feldspar, where
thermal recrystallization was impeded by the presence of
implanted Xe in the amorphous layer [65].

Finally, the bulk-implanted specimen did recrystallize
epitaxially to the original LiTaO; (Fig. 10) when the
sample was annealed at 1400 K in an air ambient. The
TEM micrograph in Fig. 10(b) shows that at sufficiently
high temperatures, the epitaxial recrystallization of the
amorphous layer can be completed. Zhang et al. [66]
previously found that an ion-beam-amorphized surface
layer of LiTaO; partially recrystallized at temperatures
as low as 725 K in a dry oxygen atmosphere, but that the
recrystallization front stabilized partway to the surface
and no further movement of the amorphous—crystalline
boundary was observed. Our specimen was, however,
annealed in the presence of water vapor, which is known
to considerably enhance the recrystallization rate in
several of the perovskite-structure compounds.

Unusual microstructures were also observed in the
recrystallization of LiNbO; and KNbQOj;. Similarly well-
oriented phases did not form; however, recrystallization
was not purely epitaxial, and nucleation of new phases
did occur. Clear and well-defined electron-diffraction
patterns from both recrystallized phases in KNbO; were
obtained; however they could not be unequivocally
identified. A large number of stable phases are known in
the K-Nb-O system; thus many possible new phases
may form during recrystallization. For LiNbOj, the re-
crystallized material is probably distorted LiNb;Og. The

material did not completely recrystallize and a consid-
erable amount of amorphous material remained between
the nucleated crystallites in the thin portion of the TEM
specimen, possibly owing to ejection of Li during ion
irradiation.

In general, thermal recrystallization of ion-beam-
amorphized perovskites is relatively straightforward in
the case of the titanites (epitaxial thermal recrystalliza-
tion), but is a highly complex process for the niobate and
tantalite compositions. In these latter phases, epitaxial
recrystallization is only a minor process and several
compounds may nucleate and grow within the ion-beam
amorphized matrix. The low D, values at low tempera-
tures for the tantalates and niobates, along with the
apparent ‘memory’ of the original crystal structure in
the recrystallization experiments may suggest: (1) that
the structural differences between the crystalline and the
electron-diffraction-amorphous states may be smaller
for the tantalates and niobates (i.e., if significant medi-
um-range order is maintained in the amorphous state,
then precipitates may nucleate with a preferential crys-
tallographic orientation); and (2) in ion-irradiated thin
foils, the observed nucleation and growth recrystalliza-
tion process has a lower energy barrier than that for
epitaxial recrystallization in the case of the tantalates
and niobates.

6. Summary

Specimens of CaTiOs;, SrTiO;, BaTiO;, LiNbOs;,
KNbO;, LiTaOs, and KTaO; were irradiated with 800
keV Ne*, Krt, or Xe* ions in situ in a TEM. The esti-
mated critical temperature was found, in general, to
increase with increasing mass of the A- or B-site cations.
For heavy ions, the susceptibility to amorphization at
elevated temperatures depends weakly on the ion mass,
although at low temperatures, the amorphization dose is
independent of this parameter. This is also true for Ne*
irradiation of KTaO; (i.e., T, was lower but the D, at
low temperatures was the same as for Kr'); however,
CaTiO; and SrTiO; could not be amorphized by 800
keV Net at temperatures as low as 20 K. These results
imply a fundamental difference in the amorphization/
annealing kinetics between the titanate compositions
and KTaO;. This difference was further evident in the
thermal recrystallization behavior of the ion-beam-
amorphized specimens when annealed in the high-vac-
uum environment of the TEM. While the titanates
recrystallized epitaxially to reform the original single
crystal at temperatures of 800-850 K, the niobates and
tantalates demonstrated a strong tendency for isolated
nucleation and growth that occurred at relatively higher
temperatures.

The results demonstrate that titanite-based +2, +4
perovskites do show properties that are more desirable
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for nuclear waste applications than their +1, 4+5 niobate
and tantalite analogues. The titanates have higher
amorphization doses over a wide range of temperature,
are immune to light-ion irradiation, and have lower
critical temperatures than the niobate and tantalite
perovskites. Thermal recrystallization can occur at lower
temperatures and results in epitaxial crystal regrowth;
whereas, undesirable new phases may nucleate in radi-
ation-damaged niobium- and tantalum-based perovskites.
However, the results also suggest that the incorporation
of singly charged impurities (e.g., Na™) could potentially
have adverse effects on the structural response to o-
decay-event processes in the titanate perovskites. Fur-
ther systematic studies will be needed to investigate the
effects of impurities substituted into the crystal structure
of both CaTiO; and SrTiO; in terms of the response to
ion irradiation.
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